Recently, a new Chlamydia-related organism, Protochlamydia naegleriophila KNic, was discovered 24 within a Naegleria amoeba. To decipher the mechanisms at play in the modeling of genomes from 25 the Protochlamydia genus, we sequenced de novo the full genome of Pr. naegleriophila combining 26 the advantages of two second-generation sequencing technologies. The assembled complete 27 genome comprises a 2,885,111 bp chromosome and a 145,285 bp megaplasmid. For the first time 28 within the Chlamydiales order, a CRISPR system, the immune system of bacteria, was discovered on 29 the chromosome. It is composed of a small CRISPR locus comprising eight repeats and the associated 30 cas and cse genes of the subtype I-E. A CRISPR locus was also found within Chlamydia sp. Diamant, 31
INTRODUCTION 41
A large diversity prevails in the order Chlamydiales, as suggested by the discovery of a large number 42 of Chlamydia and Chlamydia-related bacteria belonging to nine different families (Greub 2010; 43 Everett et al. 1999; Horn 2011) and the cross-examination of metagenomics data (Lagkouvardos et al. 44 2014). The family Parachlamydiaceae comprises five genera that are each represented by a small 45 number of isolated strains. The genus Protochlamydia was lately enriched by the isolation of a 46
Naegleria endosymbiont that presented 97.6% identity in the 16S rRNA with Pr. amoebophila UWE25 47 and was thus named Pr. naegleriophila strain KNic (Casson et al. 2008 ). Since other members of the 48
Parachlamydiaceae family were suspected to be associated with lung infections ), a 49 diagnostic PCR specific for Pr. naegleriophila was developed and applied to bronchoalveolar lavages. 50
Pr. naegleriophila DNA was detected in the bronchoalveolar lavage of an immunocompromised 51 patient with pneumonia by two PCRs targeting different genomic regions and the presence of the 52 bacterium in the sample was confirmed by direct immunofluorescence (Casson et al. 2008 ). These 53 results indicated a potential role of Pr. naegleriophila in lower respiratory tract infections. 54
A recent study including Chlamydia genomes and other members of the Planctomycetes-55
Verrucomicrobia-Chlamydia superphylum suggested that the branch leading to Chlamydia was 56 shaped mainly by genome reduction and evidenced limited occurrence of gene birth, duplication and 57 transfer (Kamneva et al. 2012 ), as it is the case in other strict intracellular pathogens (Darby et al. 58 2007) . On the contrary, the occurrence of large families of paralogs in the genome of Chlamydia-59 related bacteria suggested an evolution by extensive gene duplication (Domman et al. 2014; Eugster 60 et al. 2007 ). The chromosome sequence of Pr. amoebophila UWE25 exhibited little evidence for the 61 occurrence of lateral gene transfer (Horn et al. 2004 ). However, a number of probable lateral gene 62 transfers were identified between Parachlamydia and other amoeba-infecting bacteria such as 63
Legionella (Gimenez et al. 2011 ), a process that may take place within the amoeba itself (Bertelli & 64 Greub 2012). The Pr. amoebophila genome presents a genomic island (Pam100G) that encodes a 65 type IV secretion system of the F-type that might be involved in conjugative DNA transfer (Greub et 66 al. 2004 ). A similar system was found on the plasmid of Simkania negevensis (Collingro et al. 2011 ) 67 and a partial operon was described in Parachlamydia acanthamoebae ), suggesting 68 active DNA transfer capabilities in the ancestor of the Chlamydiales and some of its descendants. 69 Small interspaced repetitions were initially observed in E. coli (Ishino et al. 1987 ) and they were then 70 named CRISPR, an acronym for Clustered Regularly Interspaced Short Palindromic Repeats (Jansen et 71 al. 2002) . Although found in 50% of bacteria and in 90% of archaea (Weinberger et al. 2012 ), a 72 CRISPR system had never been previously reported in a member of the order Chlamydiales 73 (Makarova et al. 2011 ). The CRISPR locus usually consists of a variable number (up to 587) of 23-47bp 74 repeats with some dyad symmetry, but not truly palindromic, interspaced by 21-72 bp spacers 75 (Horvath & Barrangou 2010) . Associated with these repeats are 2 core cas genes and additional 76 subtype-specific genes putatively providing mechanistic specificity (Koonin & Makarova 2013) . 77
Similarity between spacers and extrachromosomal elements first suggested a role in immunity 78 against phage infection and more generally against conjugation or transformation by acquisition of 79 external DNA (Bolotin et al. 2005 ). The CRISPR-Cas system was shown to mediate an antiviral 80 response thus inducing resistance to phage infection (Deveau et al. 2010) , notably in E. coli (Brouns 81 et al. 2008 The cumulative G versus C nucleotide bias (GC skew) presents a typical pyramidal shape ( Figure S1 ) 103 that is expected in the absence of particular large genomic islands and confirms the assembly 104 accuracy. The GC skew of Pr. naegleriophila is smoother than that of Pr. amoebophila, and does not 105 present the small inversion in the slope that is caused by the Pr. amoebophila genomic island (Figure 106 S1) (Greub et al. 2004 ). The replication origin (ori) and the terminus of replication (ter), at the 107 minimum and maximum of the curve (Figure S1) , respectively, show an almost perfectly balanced 108 chromosome with 49.8% of the base on one arm, i.e., between ori and ter, and 50.2% on the other 109 arm, i.e., between ter and ori. 110
The two strains of Pr. naegleriophila are highly collinear as shown in the alignment of available 111 complete and nearly complete (<5 contigs) genomes of the family Parachlamydiaceae (Figure 1) . 112
Within genus comparison of Pr. naegleriophila and Pr. amoebophila shows the occurrence of 13 113 recombination and inversion events. As expected, further distantly-related organisms from a 114 different genus exhibit a lower collinearity and an increasing number of recombination events, which 115 is correlated to the phylogenetic distance. 116 pPNK is an F-type conjugative megaplasmid 117
The bacterial chromosome was circularized, leaving behind several contigs with a 23-fold coverage, 118 slightly higher than the 16-fold chromosomal coverage. These contigs formed a 145,285 bp large 119 plasmid -the largest known plasmid in the order Chlamydiales. The plasmid pPNK presents a GC 120 content of 37.2% and includes 160 genes among which are several transposase and integrase 121 remnants, doc proteins, and systems for the maintenance of the plasmid (parA and PNK_p0119) that 122 are all characteristic of extra-chromosomal elements. 123
The plasmid also encodes a type IV secretion system with highest similarity to the F naegleriophila KNic, the three bacteria that possess the tra operon on a plasmid, retained intact 135 genes. Moreover, these bacteria present Ti-type traA and traD genes downstream that share 136 similarity to and other amoeba-infecting bacteria such as Rickettsia bellii and Legionella spp..
In Pr. naegleriophila, the CRISPR locus comprises eight 28bp-long repeats separated by 33bp-long 139 spacers. The upstream operon of CRISPR-associated genes from the E. coli subtype I-E consists of the 140 core genes cas1-2, the type I gene cas3 and subtype-specific genes cse1-2, cas5, cas6e and cas7 141 (Figure 3 ). An almost identical cas operon and a CRISPR locus were identified in Pr. naegleriophila 142 'Diamant' (Figure 3) (Figure 3) . Neochlamydia, and in some strains of Protochlamydia and Parachlamydia (Figure 2) . Furthermore, it 181 has been partially lost in the Parachlamydia genus, where only a few genes remain. An alternative 182 scenario of separate acquisition of tra operon by an ancestor of Simkania and members of the family 183
Parachlamydiaceae may be envisioned. In any case, this highlights the highly dynamic nature of the 184 Chlamydia-related genomes and the potential of the tra operon to be readily transferred, acquired, 185 and lost among these bacteria. 186
A CRISPR-Cas system has been reported in approximately 50% of bacteria with sporadic distribution 187 patterns suggesting that CRISPR loci are subject to frequent horizontal gene transfer, a hypothesis 188 supported by the presence of CRISPR loci on plasmids (Haft et al. 2005 ). The CRISPR locus of Pr. 189 naegleriophila and its associated genes have most probably been acquired horizontally but the 190 proteins have insufficient homology to infer a direct transfer from a given organism. This CRISPR-Cas 191 system is of a different subtype than that of another intracellular amoeba-resisting bacteria F. 192 novicida ruling out the possibility of intra-amoebal transfer between these organisms. The 193 functionality and the exact role of this CRISPR-Cas system in Pr. naegleriophila remains to be 194 determined by laboratory experiments but by similarity to the type IE locus present in E. coli, we can 195 hypothesize that it plays a role in preventing DNA acquisition or protecting against phages. Although 196
Pr. naegleriophila is an obligate intracellular bacteria, it may still be exposed to phages similarly to 
MATERIALS AND METHODS 218

Culture and purification of Pr. naegleriophila 219
Protochlamydia naegleriophila strain KNic was grown in Acanthamoeba castellanii ATCC 30010 at 220 32°C using 75 cm 2 cell culture flasks (Becton Dickinson, Franklin Lakes, USA) with 30 ml of peptone-221 yeast extract glucose broth. Pr. naegleriophila were purified from amoebae by a first centrifugation 222 step at 120 x g for 10 min. Then, remnants from amoebae were removed from the re-suspended 223 bacterial pellet by centrifugation at 6500 x g for 30 min onto 25% sucrose (Sigma Aldrich, St Louis, 224 USA) and finally at 32000 x g for 70 min onto a discontinuous Gastrographin (Bayer Schering Pharma, 225
Zurich, Switzerland) gradient (48%/36%/28%). 
Genome analysis 249
To identify CRISPR repeats, the genome sequences were submitted to CRISPRFinder (Grissa et al. 
